We study the evolution of the protoplanetary discs (PPDs) in the presence of magnetically driven winds with the stress relations motivated by the non-ideal MHD disc simulations. Contribution of the magnetic winds in the angular momentum removal and mass loss are described using these relations which are quantified in terms of the plasma parameter. Evolution of the essential disc quantities including the surface density, accretion rate and wind mass loss rate are studied for a wide range of the model parameters. Two distinct phases of the disc evolution are found irrespective of the adopted input parameters. While at the early phase of the disc evolution, global disc quantities such as its total mass and magnetic flux undergo non-significant reductions, their rapid declines are found in the second phase of evolution. Duration of each phase, however, depends upon the model parameters including magnetic wind strength. Our model predicts that contributions of the magnetic winds in the disc evolution are significant during the second phase. We then calculated locus of points in the plane of the accretion rate and total disc mass corresponding to an ensemble of evolving PPDs. Our theoretical isochrone tracks exhibit reasonable fits to the observed PPDs in star forming regions Lupus and σ-Orion.
INTRODUCTION
Understanding angular momentum transport mechanisms in the protoplanetary discs (PPDs) is an important issue because of its starring role in the disc lifetime and the outcome of planet formation. In the conventional paradigm of the disc accretion, the magnetorotational instability (MRI; Balbus & Hawley 1991 ) is suggested to be efficient in the well-ionized regions, whereas in the outer parts of the PPDs where are not sufficiently ionized, the gravitational instability is probably a dominant mechanism (see Kratter & Lodato 2016 , for a review). There are, however, alternative processes based on the purely hydrodynamics instabilities, including convective overstability (e.g., Klahr & Hubbard 2014) , vertical shear instability (e.g., Nelson et al. 2013 ) and the zombie vortex instability (e.g., Marcus et al. 2015) . It is therefore an enduring challenge to determine which physical process is responsible for the PPDs angular momentum transport.
In the recent years, on the other hand, MHD disc simulations have also shown that wind launching is directly ⋆ E-mail: m.shadmehri@gu.ac.ir related to the MRI-driven turbulence in the presence of the non-ideal MHD effects (Suzuki et al. 2010; Bai & Stone 2013; Lesur et al. 2013; Béthune et al. 2017 ). This important finding then implies that disc accretion may occur via angular momentum removal by winds instead of MRI which redistributes angular momentum within the disc. Robust diagnostics thereby are needed to discriminate between a standard viscous disc model (Shakura & Sunyaev 1973, hereafter SS73) and the magnetic wind-driven accretion scenario as a dominant mechanism of the accretion in the PPDs.
The viscous and the wind-driven accretion disc models predict distinct features which can be reconciled with the observational constraints on the PPDs structure. Measurements of the disc radii (Najita & Bergin 2018) , the turbulent strength (Wang & Goodman 2017; Rafikov 2017) and exploring "disc isochrones" in the accretion rate-disc mass plane , hereafter LSMT17) provide useful insights into mechanisms that derive the accretion within the PPDs. In the presence of the viscous spreading mechanisms, Najita & Bergin (2018) argued that disc size of Class II sources could be larger than their earlier evolutionary, Class I gas discs. They found that most Taurus Class II discs are larger compared to Class I discs. But the analyc 2017 The Authors sis of Najita & Bergin (2018) did not provide a robust signature of MRI because of the neglected processes, such as photoevaporation, that may affect disc size measurements. The idea behind this study, however, is interesting to be explored further using a much larger number of sources and more sophisticated models for measuring disc radii. Wang & Goodman (2017) argued that the accretion speed in a few well-studied discs is transsonic and it is a natural consequence of the accretion driven by the magnetized winds because MRI driven turbulence is not strong enough to account for the high levels of the observed accretion. Recent observations of the PPDs residing in Chamaeleon I suggest that magnetic winds may play a role in the angular momentum transport (Mulders et al. 2017) . In another study by Rafikov (2017) , he used a sample of 26 PPDs resolved by ALMA to estimate the dimensionless viscosity parameter α if the standard viscous disc model (SS73) is implemented to describe these systems. The inferred value spans a broad range from 10 −4 to 0.04 and the central accretion rate is found to be decoupled from the global accretion rate probably owing to magnetohydrodynamic winds (Rafikov 2017) . There are, however, studies that suggest the observed accretion rates of the PPDs can be explained with a low viscosity as a result of hydrodynamics (Hartmann & Bae 2018) .
Despite these recent achievements, none of them provides a verified observational signature because of difficulties in detecting disc winds and spatially resolve them and theoretical uncertainties in the disc models with winds. Therefore, it is an important issue to explore the evolution of the PPDs in the presence of magnetically driven winds. In the early models of the magnetic winds, the primary approach was to investigate this phenomenon independent of underlying accretion disc (e.g., Blandford & Payne 1982; Konigl 1989; Ferreira & Pelletier 1995) . The magnetically driven winds are able to extract the mass, angular momentum and energy from the disc, however, their rates are not well-constrained owing to their relations with the disc structure itself and the associated angular momentum transport and removal mechanisms. Numerical MHD disc simulations are generally used to address wind launching conditions and to quantify rates of the mass loss and the angular momentum removal (e.g., Lesur et al. 2013; Simon et al. 2013a; Fromang et al. 2013; Béthune et al. 2017) .
Recent disc models incorporated wind effects motivated by recent MHD simulations or physical arguments within the framework of the standard accretion disc model (Suzuki et al. 2010; Armitage et al. 2013; Suzuki et al. 2016; Bai 2016) . The simplicity of this approach is an advantage to investigate disc evolution for a broad range of the input parameter space. Suzuki et al. (2010) presented a simple 1D model of PPD with winds inspired by their MHD disc simulations. They did not consider wind torque, however, wind mass loss was included in their study. Suzuki et al. (2016) presented a mode generalized model with the stress components of the disc turbulence and wind launching and mass loss effect. They found a wide variety of the disc surface density profile even with a positive slope depending on the adopted model parameters. The disc surface density profile with a positive slope may suppress the type I migration of protoplanets (Ogihara et al. 2015 (Ogihara et al. , 2018 . Suzuki et al. (2016) did not study the evolution of important disc quantities such as size, mass and accretion rate to be confronted with the observed PPDs. Armitage et al. (2013) also studied disc evolution with winds, however, they did not include wind mass loss and the implemented relations for the disc turbulence and wind were parameterized in terms of the plasma parameter using MHD disc simulations (Simon et al. 2013a ). Subject to the steady state approximation, this model leads to the fully analytical solutions (Khajenabi et al. 2018 ) which were used in other research directions such as explaining ring like structures in HL Tau (Hasegawa et al. 2017; Khajenabi et al. 2018) or pebble production in the PPDs with the magnetic winds (Shadmehri et al. 2018a) . But the aforementioned studies neither provide detailed physical insights about wind kinematics nor reconcile the obtained trends with the observed features of the PPDs.
We describe our disc model with magnetic winds and the implemented assumptions in Section 2. Disc evolution properties, including isochrone tracks, are explored in Section 3. In Section 4, we provide astrophysical implications of our model by comparing our theoretical isochrone tracks with the observed PPDs in Lupus and σ-Orion. Finally, we summarize and conclude in Section 5.
BASIC EQUATIONS
Our model is constructed based on the standard accretion disc model (SS73) and the magnetically driven winds are incorporated via their roles in the mass loss and angular momentum removal. The disc is assumed to rotate with a Keplerian profile, i.e., Ω = GM⋆/r 3 where M⋆ is the star mass and r denotes the radial distance. This assumption holds true as long as contribution of the magnetic force in the radial direction is negligible and the disc remains cold enough. We also do not include disc compression in the vertical direction due to the magnetic force. Therefore, disc hydrostatic equilibrium in the vertical direction implies that H = √ 2cs/Ω, where H and cs are the disc scale height and the sound speed. A similar model has been implemented in prior models (e.g., Armitage et al. 2013; Suzuki et al. 2016; Bai 2016) , but either all these wind effects have not been included simultaneously or even in the presence of the mass loss and angular momentum removal the associated coefficients were set somehow uncorrelated.
We instead consider a thin accretion disc that undergoes viscous evolution with mass loss and angular momentum removal owing to the magnetically driven winds. Thus, the following partial differential equation is obtained (Suzuki et al. 2016) :
where Σ stands for the disc surface density and the midplane density is ρ mid = Σ/( √ πH) and the sound speed is defined as cs = (kBT /µmH) 1/2 . Here, T and µ are the temperature and mean molecular weight and kB and mH stand for the Boltzmann constant and the hydrogen mass, respectively. We suppose that the mean molecular weight is µ = 2.1 (e.g., Shadmehri et al. 2018a ). In equation (1), W rφ and W zφ are the normalized accretion stresses owing to the MHD disc turbulence and the magnetic wind, respectively. Mass removal by wind is parameterized by the last term where a coefficient, i.e., Cw, is introduced to control wind mass loss rate (Suzuki et al. 2016) . Armitage et al. (2013) used an equation similar to equation (1) above, but in the absence of the wind mass loss, i.e., Cw = 0.
The normalized accretion stresses are defined as (Simon et al. 2013b; Suzuki et al. 2016; Hasegawa et al. 2017 )
Note that W zφ stands for the normalized angular momentum flux by the winds from the top and bottom surface of the disc. It is assumed that wind launching regions are disc surfaces at the distance z = ±Hw from the disc midplane. The exact value of Hw was discussed in Simon et al. (2013b) , however, we assume that Hw ≃ 2H (Hasegawa et al. 2017 ).
The quantity |W zφ | bw represents the value of W zφ at the base of the wind, i.e., z = ±Hw. Subject to the even-z symmetry for the wind, we have W zφ = 2|W zφ | bw (Simon et al. 2013b) . Using MHD disc simulations, the above mentioned stress tensor components can be written in terms of the disc midplane plasma parameter β0 (Armitage et al. 2013; Simon et al. 2013b; Hasegawa et al. 2017) :
log |W zφ | bw = 1.25 − log β0,
where β0 is defined as the ratio of the gas pressure to the magnetic pressure, i.e., β0 = 8P mid /Bz 2 . Note that P mid = ρ mid cs 2 and Bz are the gas pressure at the disc midplane and the vertical component of the magnetic field, respectively. The equations (4) and (5) are valid if the parameter β0 is taken between 10 3 (strong wind) and 10 5 (weak wind) and beyond this interval further MHD disc simulations are needed to find appropriate relations for W rφ and W zφ . In the case of strong wind, the above relations imply that the normalized stress due to wind, W zφ , is larger than the normalized stress owing to MHD disc turbulence. In this wind-dominated case, efficient angular momentum removal occurs instead of redistributing the angular momentum and thereby the outward disc expansion is suppressed effectively. We also note that the quantity |W zφ | in Armitage et al. (2013) apparently represents our |W zφ | bw , however, Khajenabi et al. (2018) utilized the fitted relation (5) above for W zφ . Suzuki et al. (2016) also introduced quantitiesᾱ rφ andᾱ zφ corresponding to our W rφ and W zφ , but they adopted values of these quantities based on the disc energy budget rather than plasma parameter.
During the evolution of a disc, the midplane parameter β0 may undergo spatial and temporal variations which can not be evaluated without imposing a further physical condition. Theoretical studies to constrain magnetic flux transport through a disc do not address this issue properly owing to disregarding non-ideal MHD effects or potential role of the wind-driven accretion (Lubow et al. 1994; Okuzumi et al. 2014; Guilet & Ogilvie 2014) . Nevertheless, Armitage et al. (2013) simply assumed that the spatial dependence of the midplane β0 remains uniform, whereas its temporal evolution is subject to the magnetic flux conservation. Bai (2016) , however, studied disc evolution by following two extreme scenarios. The first scenario, as in Armitage et al. (2013) , relies on the magnetic flux conservation, while in the second scenario, the magnetic flux is assumed to vary in proportion to the total disc mass. We instead explore disc evolution with a fixed midplane parameter β0 and the corresponding magnetic flux and its possible relation with the total disc mass are examined.
For simplicity, we do not consider the energy balance through the disc including possible heating and cooling mechanisms. Instead, the temperature profile of the disc is given as a power-law function of the radial distance, i.e.,
where T0 = 300 K, r0 = 1 au and the temperature exponent is 0 < q ≤ 1 (D' Alessio et al. 2001; Okuzumi et al. 2016) . In a more realistic model, however, an energy equation is required. But our simplified approach is adequate to illustrate wind effects. Although we adopt q = 1/2 as a standard value in our study, the role of this parameter in the disc evolution is explored in subsection 3.7 by considering different values of q within the allowed range. The mass accretion rate,Ṁacc, is also an important quantity that can be calculated using the following relation (Hasegawa et al. 2017) :
The first term represents the mass accretion rate associated with the disc turbulence and the second term corresponds to the mass accretion rate driven by the wind. In the standard disc model (SS73), the contribution of the magnetic winds in the accretion rate is neglected and only viscous mechanism plays a dominant role in the mass accretion rate and angular momentum transport through the disc. In our model, contributions of both viscous process and the magnetic winds are incorporated and their relative importance depends on the magnetic field strength. Disc dispersal time scale is determined using the rate of mass removal from the disc owing to the accretion onto the central star and the wind mass loss. It is thereby important to calculate the cumulative wind mass loss rate enclosed within the disc size,Ṁ wind , using the following equation:
where rin and rout denote the inner and outer edges of the disc. Obviously, if we set Cw = 0, then wind mass removal is not allowed and the disc undergoes viscous evolution and the magnetic winds contribute only to the angular momentum removal.
ANALYSIS OF THE DISC EVOLUTION

Numerical Method and Boundary and Initial Conditions
Now, we can investigate the evolution of a disc with the magnetically driven winds by solving equation (1) numerically subject to the appropriate boundary conditions with a given initial surface density profile. It is therefore convenient to rewrite our main equation (1) into a dimensionless form:
where the dimensionless variables are
where Σ0 = 1700 g cm 2 , t0 = 1/Ω0 and Ω0 = (GM⊙/r0
3 ) 1/2 = 2 × 10 −7 s −1 . Note that for obtaining equation (9) above, we used the power-law temperature relation, i.e., equation (6). In the equation (9), the dimensionless parameters ξr, ξz, and ξw are defined as
where m⋆ = M⋆/M⊙. Here, we have H0 = √ 2cs0/Ω0 ≃ 0.051 au and cs0 = kBT0/µmH ≃ 1086.5 m/s. Thus, we obtain ξr ≃ (0.0026/ √ m⋆)W rφ and ξz ≃ 0.0288W zφ . Since rate of the wind mass loss is not well-constrained by the observations or theoretical models, we parameterize the associated coefficient in terms of the angular momentum removal, i.e., ξw = ψξz where the wind parameter ψ is adopted within a range of 0.001 to 0.5. For ψ < 0.001, we found that wind mass loss rate is not high enough to affect disc evolution, whereas for ψ > 0.5 the wind mass loss rate becomes so high that disc is depleted during a very short period that is not supported by the current estimates of the PPDs lifetimes. We solve our main equation (9) numerically using an implicit finite difference method with a logarithmically spaced radial grid containing 258 cells. The inner edge is rin = 0.05 au, whereas the outer boundary is assumed to be rout = 20000 au. We adopt a very large outer boundary to ensure the accuracy of our results. For the boundary conditions, we set the surface density at the inner edge equal to zero and the radial velocity at the outer edge is assumed to be zero. The initial gas surface density is (e.g., Alexander 2012; Shadmehri et al. 2018b )
where we suppose that r d0 = 30 au. The star mass and the initial disc mass are M⋆ = 1M⊙ and M d0 = 0.1M⋆, respectively, unless otherwise is stated. 
Surface Density Evolution
To investigate the role of the magnetic field strength, we first fix all the model parameters at their fiducial values except the midplane parameter β0 that is allowed to vary within the permitted interval. Figure 1 displays surface density evolution at different times, as labeled, and for different levels of the magnetic field strength: β0 = 10 5 (top), 10 4 (middle), and 10 3 (bottom). The initial surface density distribution is shown by a dotted curve. We also consider different values of the mass removal parameter ψ. Solid curves correspond to a disc evolution with a high rate of the wind mass loss, i.e., ψ = 0.5, whereas the dashed curves display surface density evolution with a lower mass loss rate, i.e., ψ = 0.001.
The disc surface density gradually decreases with time owing to the viscous and winds effects. But this reduction strongly depends on the magnetic field strength. While in a case with a weak wind, i.e., β0 = 10 5 , and a small mass-loss rate, i.e., ψ = 0.001, reduction of the surface density at the inner region is about factor of 10 during half a million years, this reduction factor is considerably enhanced to about 600 for β0 = 10 4 during the same time period. Note that for this comparison we are considering disc structure at the times t = 0.01 and 0.5 Myr, because by the time 0.01 Myr the disc undergoes viscous evolution and its structure is not the same as the imposed initial state. The reduction of the surface density is so efficient in the strong wind case with β0 = 10 3 that the disc effectively becomes gas depleted in less than 10 5 yr. A similar trend is found when the disc is allowed to lose a significant fraction of its mass by the winds. If we compare the evolution of the discs with a given magnetic field strength and different wind mass loss parameter, i.e., ψ = 0.001 and 0.5, we see that the surface density reduction owing to an efficient mass removal starts from the inner disc region and gradually proceeds to the outer parts with a rate which depends on the magnetic field strength. While in the weak wind case, the wind mass removal only affects the inner disc parts, as the wind becomes stronger, the entire disc is affected by the wind mass loss.
Disc Mass and Magnetic Flux Distribution
In the absence of disc mass removal by wind, the total disc mass reduces only owing to the accretion onto the central star. When the contribution of the winds in mass loss is included, the disc mass reduces at a faster rate. Since a PPD lifetime t disc can be determined in term of its total mass when it drops below a certain fraction of the initial mass, it is worthwhile to investigate the total disc mass evolution subject to the different levels of the magnetic field strength. In our work, we define t disc as a time period that the total disc mass decreases to 1 percent of its initial mass. In the top panel of Fig. 2 , evolution of the total disc mass, M d , is shown corresponding to the presented solutions in Fig. 1 . Each curve is labeled with the adopted parameter β0 and the solid and dashed curves correspond to ψ = 0.5 and 0.001, respectively. At the early phases, reduction of the disc mass with time is not significant, however, the total disc mass starts to decline rapidly beyond a certain time which depends on the magnetic field strength. We found that disc mass reduction starts sooner when the wind is stronger. A disc with the initial mass 0.1 M⊙ and β0 = 10 3 will be completely depleted after about 2 × 10 4 yr when its total mass reduces to less than one percent of its initial mass. As the wind becomes weaker, however, reduction of the disc mass occurs with a slower rate. For β0 = 10 4 , the disc mass reaches about 0.01 M⊙ in 10 5 yr, whereas for β0 = 10 5 and during the same time period, the disc mass reduces to about 0.06 M⊙. Using our numerical solutions, in the appendix, we present a fitted relation between disc mass, time and the magnetic field strength for ψ = 0.01. On the other hand, one can find that reduction of the disc mass depends on the wind parameter ψ. When t = 1.0 Myr, the disc mass reaches to 0.01 M⊙ for ψ = 0.5 and β0 = 10 5 , whereas for ψ = 0.001 and the same value of plasma parameter the disc has a mass nearly equal to 0.014 M⊙.
The radial profile of the net vertical magnetic field strength and its evolution are not well constrained. We, therefore, considered a simple approach by assuming that magnetic flux ΦB is distributed so that the midplane plasma parameter β0 remains spatially and temporally constant. We nevertheless do not impose any further constraint on the evolution of the magnetic flux, as adopted in Armitage et al. (2013) and Bai (2016) . The evolution of magnetic flux ΦB is explored using our disc solutions:
The above equation can be written as
where ΦB0 = 4πr0 2 √ 2πΣ0Ω0cs0 1/2 = 8.6 × 10 23 Wb. In the middle panel of Fig. 2 , the normalized magnetic flux evolution is shown corresponding to the solutions presented in Fig. 1 and for different midplane β0, as labeled. The wind mass loss parameter is ψ = 0.5 (solid) and 0.001 (dashed). One can see that the magnetic flux does not change significantly at the early phase of the disc evolution. The disc, however, is found to evolve with constant magnetic flux during a longer time period when the magnetic strength is weak. Rapid magnetic flux evolution is clearly found over fairly short time periods for the strong wind case. At a certain point in time, nevertheless, the decline of the magnetic flux begins and this trend is similar to the total disc mass evolution. We, therefore, display the profile of the magnetic flux versus total disc mass in the bottom panel of Fig. 2 for ψ = 0.5 and q = 1/2. Each curve is labeled with the midplane parameter β0. We interestingly find that our solutions correspond to a linear correlation between log(ΦB/ΦB0) and log M d . The slope of this linear correlation depends on the magnetic field strength. In the strong wind case, for example, the displayed curve is steeper. We find that the linear correlation is roughly independent of the adopted wind parameter. Using our solutions, in the appendix, we present an approximate relation for the magnetic flux as a function of the disc total mass for the wind parameter ψ = 0.01. This relation indicates that ΦB ∝ M ǫ d where the exponent is ǫ = 0.39 + 0.09 exp(−β0/4012). Therefore, the exponent ǫ varies between 0.46 and 0.39 for the allowed range of the magnetic strength, i.e. 10 3 ≤ β0 ≤ 10 5 . Note that Bai (2016) explored the disc evolution subject with a linear relation between the magnetic flux and the total disc mass which implies a stronger correlation between these quantities in comparison to our obtained relation. Our disc solutions, however, do not correspond to an extreme situation where the magnetic flux remains constant during disc evolution.
Accretion and Wind Mass Loss
Associated to the presented solutions in Fig. 1 we can now calculate the mass accretion rate, i.e.,Ṁacc. Note that the positive value of the accretion rate corresponds to the gas radial motion towards the central star. In Fig. 3 , we show the normalized accretion rate,Ṁacc/(10 −8 M⊙yr −1 ), for different snapshots versus the radial distance and for different values of the parameter β0. As in the previous figures, the solid curve corresponds to ψ = 0.5 whereas the dashed curve presents a case with ψ = 0.001. When the magnetic wind is weak, i.e., β0 = 10 5 , the accretion occurs in the inner regions whereas the gas undergoes outward motion in the disc outer parts owing to the viscous effect.
We also find that wind mass loss significantly reduces the accretion rate in the inner part of a disc whereas the accretion rate does not change in the outer parts. We note that in the early phase of the disc evolution, the surface density and, as a result, wind mass loss rate, is even greater, but with the time that the surface density decreases, it is expected that wind mass loss rate will be reduced too. Nevertheless, the accretion rate declines with time irrespective of the mass removal rate and the wind strength.
We now display the evolution of the normalized accretion rate at given radial distances for different magnetic field strength. In the left panels of Fig. 4 , evolution of the normalized accretion rate is shown at different radial distances, as labeled, and for β0 = 10 5 (top), 10 4 (middle) and 10 3 (bottom). The solid and dashed curves correspond to the cases with the wind mass loss parameter ψ = 0.5 and 0.001, respectively. We find that the gas moves towards the star at the radial distance 0.1 au, 1 au and 10 au, irrespective of the magnetic field strength. The accretion rate, however, is significantly enhanced with increasing the parameter β0 which means that magnetic winds contribute to the resulting inward gas flow. We also find that the accretion rate enhancement is significant at the early phase of disc evolution. In the case of weak wind, i.e., β0 = 10 5 , the accretion rate at the radial distance 10 au evolves uniformly over a longer time period in comparison to the cases with moderate wind (β0 = 10 4 ) or strong wind (β0 = 10 5 ). But the rapid de- cline of the accretion rate is found beyond a certain time. This typical behavior is found at other radial distances no matter what value is adopted for the wind mass loss parameter. Obviously, the accretion rate decreases further as the wind mass loss parameter ψ increases. However, the difference between the accretion rates in the cases with ψ = 0.001 and ψ = 0.5 becomes more significant in the disc inner part. Note that the inner disc surface density evolution exhibited similar behaviour as we explored earlier. Thus, wind mass loss plays a crucial role in the inner disc evolution.
In the right panels of Fig. 4 , the normalized accretion rate versus the normalized time is shown for ψ = 0.5. As we mentioned before, the disc lifetime t disc is defined as when the total disc mass decreases to 1 percent of its initial mass. The lifetime of a disc with β0 = 10 3 and 10 4 is found as 0.014 and 0.5 Myr, respectively. We also find that the lifetime of a PPD with β0 = 10 5 is about 10.3 Myr which exceeds the expected normal lifetime of the PPDs. The accretion rate significantly increases with the magnetic field strength, however, this enhancement in the inner region is more pronounced. In the weak wind case, for instance, we find that the inner accretion rate at the radial distance 0.1 au is about 10 −7 M⊙yr −1 whereas this rate increases with a factor 10 for β0 = 10 4 , and in the strong wind case, the inner accretion rate significantly increases to about 1.7 × 10
M⊙yr −1 . But the accretion rate at a larger radial distance, say 1 au or 10 au, increases approximately proportional to the midplane parameter β0. In the weak and intermediate wind cases, however, we find that significant decline of the accretion rate occurs during 10 percent of the disc lifetime, whereas in the strong wind case, reduction of the accretion rate continues during the entire lifetime of the disc. In other words, the contribution of the magnetic winds in the accretion rate is expected to persist even in the evolved PPDs.
We can now compare our evolutionary profile of the accretion rate with an observationally motivated relation for this quantity (Hartmann et al. 1998; Bitsch et al. 2015; Izidoro et al. 2019 ). The accretion rate as a function of the disc age t is written as log Ṁ acc M⊙yr −1 = −8 − 1.4 log t + 10 5 yr 10 6 yr ,
This relation is illustrated in Fig. 5 by the dotted curve. Therefore, it is reasonable to expect the total wind mass loss to gradually decrease as the disc evolves and becomes older. We display evolution of the normalized accretion rate at the radial distance 0.1 au for different values of β0, as labeled. The solid and dashed curves correspond to the cases with ψ = 0.5 and 0.001. The general trend of the above mentioned relation for the accretion rate is qualitatively similar to our obtained behaviors, however, our model predicts a larger accretion rate at the early phase of disc evolution. This finding implies that a single relation for the accretion rate evolution does not adequately describe its behavior because the magnetic wind strength and the wind mass loss rate profoundly affect the evolution of the accretion rate. The wind mass loss rateṀ wind is calculated using equation (8) and its evolution is depicted in the left panel of Fig.  6 for ψ = 0.5 (solid) and 0.01 (dashed) and different values of β0, as labeled. Other model parameters are same as in Fig. 1 . Note that equation (8) is used to calculate the total wind mass loss rate. In the early phase of the disc evolution, r=0.1 au Figure 4 . The left panel shows profiles of the normalized accretion rate versus time for different radial distances, as labeled. The profiles of the normalized accretion rate versus the normalized time t/t disc for ψ = 0.5 are also displayed in the right panel. Here, t disc is the disc lifetime. The initial disc mass and the exponent of temperature are assumed to be 0.1M ⊙ and 1/2, respectively. The top plots are associated with β 0 = 10 5 , while the middle and bottom plots correspond to β 0 = 10 4 and β 0 = 10 3 , respectively. the total wind mass loss rate is more or less uniform, but beyond a certain time, the wind mass loss rate started to decline. In the weak wind case, i.e., β0 = 10 5 , decline ofṀ wind occurs at about 2 × 10 5 yr. As the wind becomes stronger, the decline of the wind mass loss rate happens sooner, but with a faster rate. In the strong wind case with β0 = 10 3 , for instance, the rapid decline of the total wind mass loss rate occurs at a time about 10 4 yr. This trend, nevertheless, is more or less independent of the adopted wind mass loss parameter ψ.
We thereby recognize two phases of mass removal by the magnetically winds. While at the early times of the disc evolution, the wind mass loss smoothly decreases with time, the disc thereafter undergoes a rapid reduction in the wind mass loss rate. We think this trend is the outcome of insideout reduction of the disc surface density due to the presence of winds. In our model, magnetic winds contribute to the angular momentum removal and mass loss and both these rates are directly proportional to the disc surface density. At the early phase of the disc evolution, we see that only the very inner part with the highest density is affected by the wind whereas reduction of the surface density in rest of the disc is very negligible. As time proceeds, a larger portion of the disc exhibits surface density reduction. Once a large enough part of the disc is affected by the winds, rapid declines of the disc quantities such as its total mass and magnetic flux are observed. As the wind gets stronger, the onset time of the rapid decline occurs sooner which means that the duration of the initial slow decline is shorter as a smaller value of parameter β0 is adopted.
In the right panel of Fig. 6 , evolution of the ratiȯ M wind /Ṁacc is shown where the accretion rateṀacc is evaluated at the inner radius 0.1 au. As before, the solid curves stand for a case with ψ = 0.5 and the dashed curves correspond to a case with ψ = 0.01. The ratioṀ wind /Ṁacc increases with time and this enhancement is amplified with the magnetic field strength. This trend implies that wind mass removal gradually becomes larger than the inner accretion rate despite its rapid decline during the final phase of the disc evolution. In the weak wind case with ψ = 0.01, for instance, wind mass loss rate reaches to about 4.5 percent of the inner accretion rate during 10 6 yr, whereas in the strong wind case, this factor is about 7 percent during the same time period. With a high wind mass loss parameter, i.e., ψ = 0.5, the wind mass loss rate is generally larger than the inner accretion rate which is unlikely to be supported by the observed PPDs. We thereby consider ψ = 0.01 as a standard value for the wind parameter in the next figures.
Disc Size Evolution
In the panels of Fig. 7 , the disc radius as a function of time is shown for different values of β0 using different definitions for a disc size. In the top panel of Fig. 7 , we define disc radius as a radial distance where the enclosed mass, Menc, is a given fraction, χ, of the total disc mass: Menc(r d t) = χM d (t). Note that our results are qualitatively independent of the adopted fraction χ. For simplicity, we assume that the fraction is χ = 0.99. This disc size definition has already been implemented by some authors (e.g., Anderson et al. 2013; Shadmehri et al. 2018a ), but as we discuss now, it does not properly address the expected disc size evolution in the presence of the magnetic winds.
The top panel of Fig. 7 shows that disc size increases with time and in the presence of wind the disc spreading occurs with a faster rate. This trend appears to contradict our prior arguments that magnetic winds are able to suppress disc spreading which occurs due to the viscous effects. But it is a direct consequence of the adopted disc size definition. As the wind becomes stronger, the disc mass reduces with a faster rate and we have to include a larger portion of a disc to account for the enclosed mass as a given fraction of the total mass. In the middle panel, we plot disc size as a function of the normalized time, i.e., t/t disc . Now, the trend is reversed and as the wind becomes stronger, the disc spreading occurs with a slower rate. Note that these behaviors are found qualitatively independent of the adopted wind mass loss parameter.
We now define disc size as a radius where the surface density becomes a given threshold value. We adopt a fixed threshold value 1.0 g cm −2 for determining radius of the studied discs. In the bottom panel of Fig. 7 , we plot disc size evolution using this new definition. The disc undergoes a radial expansion due to the viscous effects at the early phase of the evolution. While in the weak wind case, disc spreading continues more or less over the entire disc lifetime, this size expansion eventually is halted and size shrinkage occurs in the intermediate and strong wind cases. We thereby expect that evolved PPDs to have a smaller size in comparison to a less evolved system when magnetic winds play a significant role.
Isochrone Tracks for PPDs with Winds
We can reconcile our disc evolution model with the observed PPDs using isochrone concept which has been implemented by LSMT17 in the context of PPD modeling. The isochrone . Figure 6 . The left panel shows the evolution of the cumulative mass loss rate by the wind,Ṁ wind . The model parameters are M d0 = 0.1M ⊙ and q = 1/2 and the wind parameter is ψ = 0.5 (solid) and 0.01 (dashed). Each curve is labeled with the corresponding parameter β 0 , as labeled. In the right panel, evolution of the ratioṀ wind /Ṁacc is shown where the accretion rateṀacc is evaluated at the radial distance 0.1 au.
tracks in the accretion rate and total disc mass plane for an ensemble of PPDs specify locus of points corresponding to the discs with the same age and the same initial disc mass. LSMT17 obtained the isochrone tracks using similarity solutions with viscosity as a power-law function of the radius. They found thaṫ
where γ is the viscosity exponent and t denotes the disc age. In the absence of the winds, we verified that the above analytical isochrone tracks are obtained by solving our main equation (1) numerically. But we now aim to explore how the isochrone tracks are modified when magnetically driven winds contribute to the angular momentum removal and disc mass loss. Figure 8 displays isochrone tracks for PPDs with one solar mass central star and different disc ages, as labeled. The accretion rateṀacc is evaluated at the inner radius 0.1 au. All tracks in the top panel of Fig. 8 correspond to the discs with the same initial disc mass, i.e., M d0 = 0.1 M⋆, and the wind parameter is ψ = 0.01. The tracks are truncated because the allowed range of the magnetic strength is between β = 10 3 and 10 5 . At the early phase of the evolution, the tracks are more or less resemble the viscous disc tracks represented by equation (18) because there is not enough time for the wind to affect disc structure significantly. At the time t = 0.1 Myr, for instance, the accretion rate increases with the disc mass, but it starts to decline beyond a certain disc mass. Reduction of the accretion rate with the disc mass, however, is not found as time proceeds owing to the winds. But the accretion rate increases as a power-law function of the disc mass with an exponent of about 1.0 irrespective of the disc age.
In the middle panel of Fig. 8 , role of the wind mass loss parameter ψ on the isochrone tracks is illustrated for β0 = 10 4 and M d0 = 0.1 M⋆. The range of the wind parameter is assumed to be 0.001 − 0.5. We find a power-law relation between the accretion rate and the disc mass where its exponent is dependent on the disc age. This exponent reduces as the disc age increases. For example, the exponent at the times t = 0.1 Myr and t = 1.0 Myr is about 6.9 and 6.2, respectively. We also study the influence of initial disc mass in the bottom panel of Fig. 8 . In this case, we consider β0 = 10 4 and ψ = 0.01. It is assumed that M d0 varies from 0.001 M⋆ to 0.1 M⋆. We find a power-law relation between thatṀacc and M d with an exponent equal to 1 no matter what is disc age.
Role of Temperature Exponent
In all the figures we have presented so far, the temperature exponent was q = 1/2, but we now investigate the role of this parameter in the disc evolution and the associated isochrone tracks. The left panels of Fig. 9 display surface density evolution for the discs with one solar mass central star and different temperature exponent and different times, as labeled. The initial surface density distribution is shown by a dashed curve. The initial disc mass, as before, is M d0 = 0.1M⋆ and the magnetic strength and the wind parameter are β0 = 10 4 and ψ = 0.01. Note that our adopted power-law temperature profile becomes steeper with increasing its exponent q. The disc surface density decreases with time, however, its radial distribution becomes steeper as the temperature exponent q decreases. While surface density evolution at the early times slightly depends on the adopted exponent q, as time proceeds, the evolution of the surface density at the very inner part becomes more or less independent of the temperature exponent. A disc with a lower temperature exponent, thereby, is dispersed over a shorter time period.
In the top right panel of Fig. 9 , the evolution of the total disc mass is shown for different temperature exponent, Figure 7 . The disc radius for ψ = 0.01 and q = 1/2. In the top and middle panels, the disc radius is defined using the enclosed mass. In the bottom panel, however, we have benefited from threshold surface density for defining the disc radius. q=0.25 Figure 9 . Effect of the temperature exponent q in the surface density (left panels), the disc mass (right, top), the disc size (right, middle) and the isochrone tracks (right, bottom) are explored for the discs with one solar mass central star and β 0 = 10 4 and ψ = 0.01. In the left panels, each curve is labeled with the temperature exponent. The isochrone tracks (right, bottom) are obtained using a more extended range of the temperature exponent between 0.1 and 1 and for the discs with different ages, as labeled. The accretion rates are evaluated at radius of 0.1 au.
as labeled. The total disc mass does not undergo significant reduction at the early times irrespective of the adopted parameter q. The rapid decline of the total disc mass is started after about 10 4 yr, however, its rate is faster for the cases with a lower q. Although the disc lifetime can be slightly enhanced with increasing the exponent q, this dependence is not very significant. For adopted values of q in this figure, we find that disc lifetime is between 0.6 Myr and 0.7 Myr. In the middle right panel of Fig. 9 , we display disc size evolution using threshold density criterion and for different temperature exponent, as labeled. The disc radius initially increases with time, however, this radial expansion is halted after a certain time period and the disc starts to shrink. The radial expansion occurs sooner and with a faster rate as the temperature exponent decreases. The associated isochrone tracks are shown in the bottom right panel of Fig. 9 for the ages 0.1, 0.25, and 0.5 Myr. Each curve is labeled with the corresponding disc age and the temperature exponent is permitted to vary between 0.1 and 1.0. The tracks can be approximated using a linear relation between logṀacc and log M d where its slope varies from 0.98 to 2.1 for the ages 0.1 Myr and 0.5 Myr, respectively.
ASTROPHYSICAL IMPLICATIONS
We can now reconcile our theoretical results with the observed PPDs to understand if these trends are supported by the observations. Isochrone tracks, in particular, are a very useful tool for such a study. A similar comparison, as we mentioned earlier, has been done by LSMT17 using a purely viscous disc model in the absence of the magnetic winds. Our model thereby generalizes this prior by incorporating both viscous effects and the angular momentum and mass removals by the magnetic winds. In doing so, we use the results of Ansdell et al. (2017) and Rigliaco et al. (2011) for σ−Orion, and the results of Manara et al. (2016) for Lupus. In Fig. 10 , we display theoretical tracks within the allowed range of the parameter β0 by solid curves and different ages, as labeled. The observational data of σ−Orion and of Lupus are shown by red squares and blue circles, respectively. Manara et al. (2016) and Ansdell et al. (2017) reported that the mass of the central star is within (0.1 − 2.2)M⊙. Our theoretical tracks, therefore, correspond to the stellar mass from 0.5M⊙ to 2.0M⊙, as labeled in each panel. For easier comparison of the tracks, we also plot theoretical tracks of LSMT17 using equation (18) by the orange dashed lines. In all the panels of Fig. 10 , the wind mass loss parameter is ψ = 0.01, because as we argued earlier, in the discs with a higher ψ the wind mass loss rate becomes much larger than the inner accretion rate which is unlikely to be consistent with the observed PPDs. The slope of our theoretical isochrone tracks is found independent of the initial disc mass, whereas a purely viscous disc model predicts a slope with a strong dependence on the initial disc mass (LSMT17). We also find that the slope of the tracks increases with the mass of the central star.
One can see that the best fit for Lupus is obtained for t =1.0 Myr, well within the estimated age of this star forming region, i.e., (1.0 − 3.0) Myr. As we have found earlier, the slope of the isochrone track slightly depends on the host star mass. This slope at the age 1.0 Myr, for instance, is found 0.93 and 0.95 for the host star mass M⋆ = 0.5M⊙ and 2.0M⊙, respectively. LSMT17 found that the slope is about 1 when the disc mass is low. We also find that the best-fit β0 value depends on the input parameters. For M⋆ = 1.0M⊙ and M d0 = 0.05M⋆, the best-fit β0 value is within the range 6 × 10 3 − 6 × 10 4 . However, the best-fit β0 value can range from 5 × 10 3 to 3 × 10 4 for a PPD with M⋆ = 2.0M⊙ and M d0 = 0.1M⋆.
For σ−Orion, the best fit is obtained between (1 − 3) Myr. If M⋆ = 1.0M⊙ and M d0 = 0.05M⋆, the best-fit β0 value is within the range (1 − 4) × 10 4 . However, this range becomes 8 × 10 3 − 2 × 10 4 if we adopt M⋆ = 2.0M⊙ and M d0 = 0.1M⋆. For M⋆ = 0.5M⊙, the slope of the isochrone track becomes 0.949 and 0.953 at the ages 3.0 Myr and 5.0 Myr, respectively. These values for M⋆ = 2.0M⊙ are modified to 0.963 and 0.966 at ages 3.0 Myr and 5.0 Myr. Note that the observational results related to this region lead to a slope of about 0.8 (Ansdell et al. 2017; Rigliaco et al. 2011) . We also note that ALMA surveys of nearby star-forming regions have shown that the dust mass in the disk is correlated with the stellar mass, but with a large scatter. This scatter could indicate either different evolutionary paths of disks or different initial conditions within a single cluster.
DISCUSSION
We studied disc evolution with magnetically driven winds using relations for the rates of the angular momentum removal and the wind mass loss rate motivated by the recent non-ideal MHD disc simulations (Simon et al. 2013b; Hasegawa et al. 2017) . We then explored the evolution of the disc quantities subject to a wide range of the model parameters. As we mentioned before, a similar model has also been implemented by Armitage et al. (2013) , however, they neither investigated the evolution of the disc quantities such as the total disc mass, the accretion rate and the associated isochrone tracks nor incorporated the mass loss by the wind. Other previous models of PPDs with the magnetic wind also did not explore isochrone tracks (e.g., Bai 2016; Suzuki et al. 2016; Ogihara et al. 2018) . Considering recent advances which highlight the importance of the wind driven accretion, we think that our model provides further physical insights about wind driven accretion paradigm and its predictions that can be confronted with the observed PPDs.
Providing theoretical robust diagnostics to discriminate between various accretion processes in PPDs is still a challenging issue. To our knowledge, current studies generally follow four strategies to address this essential problem: (i) Determining disc size can be used to understand whether magnetic winds play a dominant role in the evolution of PPDs (Najita & Bergin 2018) . (ii) Level of the observed accretion in a few well-studied PPDs apparently can not be explained using MRI driven accretion and magnetic wind driven accretion is plausible (Wang & Goodman 2017) . (iii) The inferred value of the well known α parameter spans a wide range from 0.0001 to 0.04 and probably MHD winds are responsible for decoupling of the central accretion rate from the global accretion rate (Rafikov 2017) . (iv) Location of the wind emitting region is less than 1 au (i.e., inside the gravitational radius for thermal escape) in 65 Tauri systems which point to consider MHD winds (Fang et al. 2018 ; Ansdell et al. 2017; Rigliaco et al. 2011 ) and the Lupus (Manara et al. 2016) survey. The observational data of σ−Orion and Lupus are shown with red squares and blue circles, respectively. The orange dashed lines correspond to the results of a viscous model for γ = 3/2 and ages=1.0, 3.0, and 5.0 Myr (LSMT17). We assume that the wind parameter ψ is 0.01. The magnetic strength β 0 can also range from 10 3 to 10 5 . Banzatti et al. 2019) . We, however, note that all the above mentioned studies deserve further studies to obtain conclusive results. Our study nevertheless proposes that isochrone concept is a diagnostic that can be added to the above list. Aside from the above issue, we also found evolutionary features that can occur commonly in the PPDs with magnetically driven winds. The inner region of a PPD is affected by the wind at the early phase of the disc evolution, but as time proceeds, we can see wind effects in the other disc regions. The disc surface density reduction due to wind launching proceeds with an "inside-out" fashion irrespective of the adopted model parameters. We quantified this trend in terms of the magnetic wind strength and found that in the strong wind case with β0 = 10 3 reduction in the disc surface density and the corresponding total disc mass occurs during a time period much shorter than the PPDs lifetimes motivated by the observations. Our model, therefore, reinforces an earlier theoretical expectation that MHD winds are launched mostly from the inner parts of PPDs where the photoevaporative winds are not efficient. Whether the observed winds or outflows in some of the observed PPDs are driven by magnetic fields or radiation force can be addressed by spatially resolving the wind emitting region.
We also found that discs with the magnetic winds generally undergo two evolutionary phases no matter what the model parameters are chosen. During the first phase of evolution, global disc quantities such as disc total mass and the magnetic flux smoothly decrease with time, though other disc quantities including surface density exhibit significant reduction within this time interval. The second phase of evolution is started with a rapid decline in the global disc quantities. Duration of each phase, however, depends upon the model parameters. In the weak (strong) wind case, for instance, the total disc mass does not reduce significantly during the first 10 4 yr (10 2 yr) of its evolution and rapid mass decline occurs thereafter. The magnetic flux, on the other hand, does not exhibit noticeable change within the first 10 5 yr (10 3 yr) of the evolution in the weak (strong) case. These trends suggest that contribution of the magnetic winds in the evolution of very young PPDs is negligible, however, the subsequent phase of the evolution is largely dominated by the magnetic winds. This second phase nevertheless may last a significant fraction of PPDs lifetimes. We, however, note that more sophisticated disc models are needed to determine whether or not this two-phase evolutionary scenario occurs in the real PPDs.
We also calculated the accretion rate at different radial distances in the presence of the magnetic winds. The theoretical profile was then compared with an observationally motivated relation introduced by Hartmann et al. (1998) . Although the general trends of both profiles are similar, we could not find quantitative agreement unless at the late stage of evolution. Our model predicts that the accretion rate at the inner region largely depends upon on the wind strength and the mass loss rate parameter. It is therefore unlikely to describe the accretion evolution for an ensemble of PPDs using a single approximate relation.
The accretion rate at the inner region, however, is largely dominated by the magnetic winds for β0 < 10 4 . This state corresponds to the wind driven accretion scenario, in which the angular momentum transport is suppressed and the accretion primarily occurs due to the angular momentum removal by the magnetic winds. This process effectively reduces disc lifetime. We also found that the cumulative mass loss rate by wind also increases with the magnetic wind strength. These findings imply that magnetic winds can efficiently contribute to the disc dispersal and shorten the lifetime. This mechanism is restricted to the inner disc region at the early phase of the disc evolution, but as time proceeds, the entire structure of the disc can be affected by wind launching. This trend raises an important question regarding the role of the photoevaporative winds in the outer disc parts in the presence of the magnetic winds. Dispersal of PPDs is commonly attributed to the photoevaporative winds, however, our present study suggests that magnetic winds can also play a significant role in shortening PPDs lifetimes. It is, therefore, an interesting problem to explore evolutions of the discs in the presence of both photoevaporative and magnetic winds. The cumulative mass loss rate by wind also increases with wind strength. Its rate, however, rapidly decreases with time in the second phase of disc evolution. But the ratio of wind mass loss rate and the accretion rate slightly increases with time. We, therefore, expect that magnetic winds may carry less amount of mass as the host PPD gets older.
Disc size, as we discussed earlier, can serve as a good diagnostic to determine whether PPDs are subject to the MRI-driven mechanism or MHD wind-driven accretion. In the MRI driven scenario, the disc undergoes radial expansion, whereas in the wind dominated case, size expansion is strongly suppressed because magnetic wind contributes to the angular momentum removal rather than redistributing this quantity as MRI does. Our model also clearly exhibits this trend in weak and strong wind cases. However, the implemented definition for the disc size plays a crucial role in determining the size and its evolution.
Our numerical solutions enabled us to follow the associated tracks in the accretion rate and total disc mass plane for an ensemble of PPDs at different ages. A similar analysis has also been done by LSMT17, but in the absence of contributions of the magnetic winds. We then confronted our theoretical isochrone tracks with PPDs in the star forming regions Lupus and σ-Orion. The slope of our relation is almost 0.95. However, LSMT17 obtained a slope nearly equal to 1. Note that this slope is almost 1 in Lupus and it is 0.8 in σ-Orion. Our isochrone tracks depend upon the age and the host star mass, whereas the correlation of LMS17 is independent of the stellar mass. We found that the slope of isochrone tracks increases with the host star mass. Although it is difficult to distinguish observationally whether a PPD undergoes solely viscous evolution or a combination of this process and angular momentum removal by magnetic winds, at least our model illustrates that the current knowledge about PPDs based on the isochrone concept is consistent with a model in which magnetic winds contribute to the disc accretion.
If we define the disc radius based on the enclosed mass, the evolution of r d for a case with ψ = 0.01 and q = 1/2 may be written as log r d = 0.01 exp − β0 11982.16 + 0.17 (log t) 2 + − 7.79 ×10 −16 β0 3 + 1.62 × 10 −10 β0 2 − 1.12 × 10 −5 β0 −0.97 (log t) − 1.12 exp − β0 25094.09 + 3.85, where r and t are expressed in "au" and "yr", respectively.
